Glycobiology, 2020, vol. 30, no. 11, 910-922

doi: 10.1093/glycob/cwaa036

Advance Access Publication Date: 18 April 2020
Original Article

Glycan Synthesis

Ser and Thr acceptor preferences of the
GalNAc-Ts vary among isoenzymes to modulate
mucin-type O-glycosylation

Earnest James Paul Daniel?, Matilde de las Rivas®, Erandi Lira-Navarrete3,
Ana Garcia-Garcia3, Ramon Hurtado-Guerrero34-°-6, Henrik Clausen?-°
and Thomas A Gerken?2-7-8:1

ZDepartment of Biochemistry, Case Western Reserve University, Cleveland, OH 44106, USA 3BIFI and Laboratorio
de Microscopias Avanzada (LMA), University of Zaragoza, Mariano Esquillor s/n, Campus Rio Ebro, Edificio I4D,
Zaragoza, 50018, Spain *Department of Cellular and Molecular Medicine, and 5Department of Dentistry, Faculty
of Health Sciences, Copenhagen Center for Glycomics (CCG), University of Copenhagen, Copenhagen N DK-2200,
Denmark 8Fundacion ARAID, Zaragoza, 50018, Spain, and 7Department of Chemistry, and 8Department of Pediatrics,
Case Western Reserve University, Cleveland, OH 44106, USA

To whom correspondence should be addressed: Tel: 216-368-4556; Fax: 216-368-4223; e-mail: txg2@cwru.edu

Received 17 February 2020; Revised 30 March 2020; Accepted 12 April 2020

Abstract

A family of polypeptide GalNAc-transferases (GalNAc-Ts) initiates mucin-type O-glycosylation,
transferring GalNAc onto hydroxyl groups of Ser and Thr residues of target substrates. The
20 GalNAc-T isoenzymes in humans are classified into nine subfamilies according to sequence
similarity. GalNAc-Ts select their sites of glycosylation based on weak and overlapping peptide
sequence motifs, as well prior substrate O-GalNAc glycosylation at sites both remote (long-range)
and neighboring (short-range) the acceptor. Together, these preferences vary among GalNAc-Ts
imparting each isoenzyme with its own unique specificity. Studies on the first identified GaINAc-Ts
showed Thr acceptors were preferred over Ser acceptors; however studies comparing Thr vs. Ser
glycosylation across the GalNAc-T family are lacking. Using a series of identical random peptide
substrates, with single Thr or Ser acceptor sites, we determined the rate differences (Thr/Ser rate
ratio) between Thr and Ser substrate glycosylation for 12 isoenzymes (representing 7 GalNAc-
T subfamilies). These Thr/Ser rate ratios varied across subfamilies, ranging from ~2 to ~18 (for
GalNAc-T4/GalNAc-T12 and GalNAc-T3/GalNAc-T6, respectively), while nearly identical Thr/Ser
rate ratios were observed for isoenzymes within subfamilies. Furthermore, the Thr/Ser rate ratios
did not appreciably vary over a series of fixed sequence substrates of different relative activities,
suggesting the ratio is a constant for each isoenzyme against single acceptor substrates. Finally,
based on GalNAc-T structures, the different Thr/Ser rate ratios likely reflect differences in the
strengths of the Thr acceptor methyl group binding to the active site pocket. With this work, another
activity that further differentiates substrate specificity among the GalNAc-Ts has been identified.
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Introduction

Polypeptide GalNAc-transferases (GalNAc-Ts) comprise a large fam-
ily of glycosyltransferases that initiate mucin-type O-glycosylation
in eukaryotes by adding GalNAc onto Ser and Thr residues of
membrane and secreted proteins. In man, this family consists of 20
different isoenzymes (Bennett et al. 2012) with similar numbers found
in most mammals. Interestingly, the number of isoenzymes decreases
in the lower metazoans with 14 in Drosopbhila, 9 in Caenorhabditis
elegans and smaller numbers in multicellular and single-cell eukary-
otes and protists (Schwientek et al. 2002; Bennett et al. 2012; Raman
et al. 2012; Tomita et al. 2017; DeCicco RePass et al. 2018; Zhang
and Ten Hagen 2019). This suggests that over evolution the GalNAc-
Ts may have taken on more diverse and/or specialized biological roles
which presently remain poorly understood.

Although the biological roles of these transferases and their
targets are not fully elucidated, it is clear that individual isoenzymes
play critical roles in development in both the fly (Tian and Ten
Hagen 2006, 2007; Tran et al. 2012) and the mouse (Tian et al.
2015). The expression of the GalNAc-Ts is highly regulated, and
their dysregulation is associated with complex disorders and disease
states (Joshi et al. 2018; Reily et al. 2019) including coronary heart
disease (Willer et al. 2008; Holleboom et al. 2011; Tian et al. 20135;
Khetarpal et al. 2016; Wang et al. 2018) and many human cancers
(Kohsaki et al. 2000; Guo et al. 2004; Berois et al. 2006; Freire et al.
20065 Wood et al. 2007; Wu et al. 2010; Gill et al. 2013; Horynova
et al. 2013; Remmers et al. 2013; Niang et al. 2016; Kurita et al.
2017; Lin et al. 2017; Balcik-Ercin et al. 2018; Sheta et al. 2019).
The number of O-glycosylation sites in proteins spans from single
sites of glycosylation to hundreds of closely spaced sites, the latter
comprising the so-called mucin domains. Such heavily glycosylated
mucin domains are highly resistant to proteases and serve to protect
cell surfaces and modulate cell-cell interaction. Similarly single sites
of glycosylation modulate proprotein processing, thereby regulating
important biological processes (Topaz et al. 2004; Kato et al. 2006;
Christensen et al. 2008; Semenov et al. 2009; Schjoldager et al. 2010;
van der Wel et al. 20115 Schjoldager and Clausen 2012; Nishikimi
et al. 2015; Goth et al. 2018; King et al. 2018; Hansen et al.
2019; Nakamura and Kurosaka 2019). Clearly, to fully elucidate
both the biological and molecular roles of O-glycosylation in health
and disease, we must first understand how individual GalNAc-T
isoenzymes choose their sites of glycosylation.

Our laboratory’s focus has been on understanding the underlying
principles of substrate selection and site preferences for the individual
GalNAc-T isoenzyme. Toward this goal, we have developed a series
of random peptide and glycopeptide substrate approaches to quantify
isoenzyme specificity. From such work, we have obtained “soft”
peptide sequence motifs for about half of the GalNAc-T isoenzymes
revealing both their unique and overlapping specificities and in
particular the (T/S)PXP motif which is common to most but not all
isoenzymes (Gerken et al. 2006,2008,2011). We have further shown
that nearly all GalNAc-T isoenzymes possess strong rate enhanc-
ing preferences for prior glycosylated substrates having GalNAc-O-
Ser/Thr 6-17 residues N- or C-terminal from the acceptor Thr or
Ser (Revoredo et al. 2016). We call this a long-range glycosylation
or remote, glycopeptide activity which further modulates a GalNAc-
T’s specificity. Furthermore, we discovered a subgroup of isoenzymes
(i.e., GalNAc-T4, GalNAc-T7, GalNAc-T10 and GalNAc-T12) that
recognized GalNAc-O-Ser/Thr 1 or 3 residues N- or C-terminal
of the acceptor site (Perrine et al. 2009; Revoredo et al. 2016)
an activity we term as neighboring, or short-range, glycosylation
activity. Thus, these latter isoenzymes prefer to glycosylate sites close

to previously glycosylated sites and serve the so-called “filling in”
activity that is important for glycosylating heavily glycosylated mucin
and mucin-like domains. Several of these “filling in” isoenzymes also
possess remote glycopeptide activity and therefore recognize both
long- and short-range prior glycosylation—showing di-glycopeptide
preferences (Revoredo et al. 2016; de las Rivas, Coelho, et al. 2018;
de las Rivas, Paul Daniel, et al. 2018; Fernandez et al. 2019). The
presence of the long- and short-range glycopeptide preferences of
these transferases suggests that O-glycosylation may actually be a
highly orchestrated and perhaps controlled process in vivo.

Structurally all GaINAc-Ts (except h-GalNAc-T20) consist of an
N-terminal catalytic domain linked via a short flexible linker to a
C-terminal ricin-like lectin domain, which is tethered to the Golgi
lumen via an N-terminal transmembrane domain and variable length
“stem” domain (Fritz et al. 2004). (Note that we will be using
the transferase numbering nomenclature of Bennett and coworkers
2012 for consistency.) We have shown that the catalytic domain
is responsible for recognizing peptide sequence motifs and prior
glycosylated sites, ~<=35 residues of the acceptor site (Gerken et al.
2006, 2008, 2011; Perrine et al. 2009; Revoredo et al. 2016). We
have further shown that the lectin domain binds remote prior O-
GalNAc sites (~>=£35 residues of the acceptor) and is responsible for
the long-range enhancing glycopeptide activity (Raman et al. 2008;
Gerken et al. 2013). X-ray crystallographic studies have confirmed
these notions and have provided structural insights of how these
domains work together to select peptide and glycopeptide substrates
(Lira-Navarrete et al. 2015; de las Rivas et al. 2017; de las Rivas,
Paul Daniel, et al. 2018; Fernandez et al. 2019) including the recent
finding that charge residues composing loops protruding from the
lectin domain can alter substrate specificity (de las Rivas, Paul Daniel,
etal. 2018; Ji et al. 2018). Thus each isoenzyme possesses a different
combination of substrate recognition modes, achieved by its “naked”
peptide specificity (recognizing sequence motifs) and glycopeptide
specificity (recognizing prior glycosites) (de las Rivas et al. 2019).
It is likely, therefore, that the GalNAc-Ts have evolved their unique
peptide and glycopeptide specificities to achieve their specific and
unique biological function(s).

One aspect of GalNAc-T specificity that has largely gone unstud-
ied is whether and by how much do the rates of glycosylation of
Thr vs. Ser acceptors vary among isoenzymes. Early kinetic studies of
GalNAc-T1, GaINAc-T2 and GalNAc-T3 showed that they preferred
Thr over Ser acceptors by factors of ~10 to ~100 (Elhammer et
al. 1999); however we know of no other such studies for other
GalNAc-T isoenzymes. Consistent with this are the observations of
multiple in vivo glycoproteomic studies that report about twice as
many Thr residues being glycosylated over Ser residues (Steentoft
et al. 2013; Kong et al. 2015; Lavrsen et al. 2018). This behavior
has also been found in other distant glycosyltransferases such as
PoFUT2 (Valero-Gonzalez et al. 2016) and the ppGIcNACcTs of the
protists which are thought to represent evolutionary predecessors
of the animal GalNAc-Ts (Ercan and West 20055 Heise et al. 2009;
Mendonca-Previato et al. 2013). We now report a systematic charac-
terization of the Thr vs. Ser glycosylation rates (Thr/Ser rate ratios)
for 12 of the 20 GalNAc-T isoenzymes spanning 7 of the 9 GalNAc-T
subfamilies. Interestingly we show that the Thr/Ser ratios are largely
similar within subfamilies but can vary between subfamilies, rang-
ing from ~2- to ~18-fold, further adding to GalNAc-T isoenzyme
substrate diversity. We further show that these Thr/Ser rate ratios
are relatively independent of acceptor peptide sequence within an
isoenzyme. Finally, the inclusion of these rate ratios will help refine
the predictive approaches for O-glycosylation, such as the isoform
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Table I. Random peptide Thr and Ser acceptor pairs

Peptide set 1 Rxnl
Rxn2
Peptide set 2 Rxn1
Rxn2
Peptide set 3 Rxn1l
Rxn2

GAGAXXXXXTXXXXXAGAGK
GAGAXXXXXSXXXXXAGAGK

X = G,A,PR,E,V,;Y,N
GAGAXXXTXXXAGAGK
GAGAXXXSXXXAGAGK

X = G,A,PR,E,V,Y,Q,H,L
GAGAXXXTXXXAGAGK
GAGAXXXSXXXAGAGK

X = G,A,PD,H,QLM,K,EW

specific O-glycosylation prediction (ISOGlyP) website (http:/isoglyp.
utep.edu), M-Y Leung, J. Mohl, and G. Cardenas, Boarder Biomedical
Research Center, Univ. Texas at El Paso and T. A. Gerken, Dept.
Biochemistry, Case Western Reserve Univ., Cleveland OH).

Results

The goal of this work was to compare the rates of glycosylation
of Thr and Ser acceptors for a series of representative GalNAc-T
isoenzymes from across subfamilies. Rather than utilize acceptors
with fixed sequences, we utilized the random peptides that we have
previously exploited for determining the GalNAc-T peptide substrate
preferences (Gerken et al. 2006, 2011). These random peptides,
given in Table I, consist of the general sequence GAGAX;, (T/S)
XnAGAG where the X positions consist of randomized residues
and where #n = 3 or 5. We reasoned that the random peptide
substrates would serve as universal substrates and would be active
against most GalNAc-T isoenzymes even if they preferred different
peptide motifs. By using the three different sets of Thr/Ser random
peptides, each with a different length and/or amino acid compo-
sition, we could further confirm that local peptide sequence did
not affect the obtained Thr/Ser rate ratios. Note that all three of
these peptide sets contained Pro, Gly and Ala as these residues are
common around sites of O-glycosylation (Elhammer et al. 1993;
Gerken et al. 2006). As described in the methods, simultaneous
reactions under identical reaction conditions and incubation times
were performed for each Ser/Thr peptide pair against each GalNAc-
T isoenzyme. As the GalNAc-Ts commonly possess a UDP-GalNAc
hydrolysis activity in addition to their transferase activity, the reaction
products (free SH-GalNAc and *H-GalNAc-peptide, respectively)
were separated on Sephadex G10 chromatography (see Figure 1 and
Supplemental Figure 1). Final transferase activity (i.e., productive
transfer of GalNAc to peptide) was determined based on GalNAc
incorporation into the peptide substrate as described in the Methods.
Note that we take the extent of UDP-GalNAc hydrolysis, based
on the ratio of the free GalNAc and peptide-GalNAc peaks, as an
indicator of how well a peptide substrate binds to the active site of the
catalytic domain, where weakly bound peptide substrates typically
give elevated rates of UDP-GalNAc hydrolysis, i.e., the glycopeptide
preferring transferases GalNAc-T4, GalNAc-T7, GalNAc-T10 and
GalNAc-T12 in the figures. Importantly, for each isoenzyme (except
for GalNAc-T12), the extent of UDP-GalNAc hydrolysis was found
to be the same for both the Ser and Thr acceptors within a peptide pair
(Figure 1, Supplemental Figure 1), suggesting both reactions were
performed identically and that their transferase binding affinities
were similar. Thr/Ser rate ratios for each substrate pair of transferase
reactions were obtained as described below.

GalNAc-T Thr/Ser substrate preference determination
We initially observed variability in our determined Thr/Ser rate ratios
which upon examination inversely correlated with the extent of
substrate peptide glycosylation. When these ratios from all three sub-
strate pairs were plotted against the extent of the Thr peptide glyco-
sylation, linear plots were obtained as shown in Figure 2, which were
fit using least square analysis. This initially unexpected inverse cor-
relation with substrate glycosylation is understood if one considers
the random nature of the peptide substrates. As the glycosylation of
the random peptide progresses, its rate of glycosylation will steadily
slow as the transferase’s optimal peptide sequences are glycosylated
first (i.e., most rapidly), leaving behind the less optimal and slower
to glycosylate sequences. In addition the more rapidly reacting Thr
acceptor substrates will deplete their optimal sequences faster than
the Ser acceptor substrates; therefore together the extent of glycosy-
lation (and apparent rate) of the Thr acceptor substrate will decrease
more quickly than the Ser acceptor, leading to the lowering of the
Thr/Ser ratio as glycosylation progresses. On this basis we have taken
the value of this ratio extrapolated to zero percent conversion as the
intrinsic Thr/Ser rate value, whose values are given in Table II. The
magnitude of the slopes of the plots in Figure 2 (also given in Table II)
is generally consistent with this explanation, where transferases with
high Thr/Ser ratios (where the Thr acceptor would be glycosylated
more rapidly than the Ser acceptor) commonly have steeper slopes
(Table II) than those transferases that have low Thr/Ser values (where
the rates are less different). In addition, these slopes may also reflect
on a transferase’s peptide sequence specificity, where steeper slopes
would suggest a stricter or narrower motif, while a less steep slope
would reflect a transferase with a more relaxed or broader motif.
Alternatively, the Thr/Ser ratios may depend on peptide sequence,
where one might expect the optimal most active substrates to likely
show the largest Thr/Ser rate differences compared to the poorer least
active substrates. This possibility is addressed below.

Role of acceptor sequence/activity on Thr/Ser

rate ratios

The extrapolated intrinsic Thr/Ser rate ratios obtained from our
randomized peptide substrates assume that the Thr/Ser ratios do
not change with acceptor peptide sequence or whether the acceptor
is a good (i.e., optimal) or a poor (i.e., suboptimal) substrate. To
confirm this, we performed assays using GalNAc-T3 and GalNAc-
T12 against three nonrandom peptide substrates, displaying a range
of activities against these transferases (Table IIT). These peptides
were designed based on ISOGIyP predictions to be optimal GalNAc-
T2, GalNAc-T3 and GalNAc-T12 substrates (see de las Rivas et al.
2020). The ISOGIyP predictions (i.e., enhancement value products,
EVPs in Table III) for these three peptides against GalNAc-T3 and
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Fig. 1. Product analysis of Thr and Ser random peptides glycosylated by
GalNAc-T1 and -T2. Displayed are representative Sephadex G10 size exclu-
sion chromatograms showing the separation of the 3H-GalNAc glycopeptide
and UDP-3H-GalNAc hydrolysis products for transferase reactions against the
three random peptide sets in Table |. Plotted are OD220 nm (green diamonds)
representing peptide and buffers and 3H-DPM (red and blue circles, for the Thr
and Ser random peptides, respectively) representing 3H-GalNAc glycosylated
peptide (first peaks) and free 3H-GalNAc (middle peaks). Note that for the Ser
peptides (right panels), the 3H-GalNAc DPM values for the glycopeptide peaks
were also multiplied by the obtained Thr/Ser ratios (gray circle) for compari-
son to the Thr 3H-GalNAc plots (left panels). The identical OD229 nm plots for
the random peptide peaks, and the identical free 3H-GalNAc DPM plots, for
each of the Thr and Ser random peptide pairs suggests that each reaction pair
was performed under identical conditions. Representative chromatograms of
the remaining GalNAc-T reactions are given in Supplemental Figure 1.

GalNAc-T12 suggest that each peptide would show a significantly
different specific activity, which was borne out experimentally
(Table III). Furthermore, the Thr/Ser rate ratios derived from the
different peptides for both GalNAc-T3 and GalNAc-T12 do not
greatly change with peptide specific activity and are consistent with
the intrinsic Thr/Ser ratios obtained from the random peptide data
(Table II), particularly when taking into account the experimental
scatter within each data set (compare Figure 3 and Figure 2). For
GalNAc-T3 the average Thr/Ser rate ratio from the peptides is ~21,

while the random peptide derived intrinsic Thr/Ser ratio is ~18, and
for GalNAc-T12 the peptide average Thr/Ser ratio is ~2.5, while its
intrinsic Thr/Ser ratio is ~1.9 (Table III). These findings suggest that
the Thr/Ser rate ratios remain remarkably constant over a range of
substrate specific activity irrespective of peptide sequence for a given
GalNAc-T isoenzyme. Furthermore, since we find that the Thr/Ser
rate values are relatively constant within isoenzymes displaying the
maximum and minimum observed Thr/Ser rate ratios, we will assume
that the remaining isozymes will behave similarly. Therefore, we will
take the extrapolated intrinsic Thr/Ser rate ratios to represent the
Thr/Ser rate ratio for each of the GaINAc-T isoenzymes characterized
(Figure 2 and Table II).

Thr/Ser ratios vary between GalNAc-T

isoenzyme subfamily

We next compared the intrinsic Thr/Ser rate ratios with the GalNAc-
T phylogenetic tree showing its subfamilies in Figure 4 (Bennett
et al. 2012). It is noteworthy that the Thr/Ser rate ratios are similar
within subfamilies but vary between distant subfamilies with values
ranging from ~2 to ~18, a nearly 9-fold range in preferences for
Thr over Ser. Interestingly, GalNAc-T1 and GalNAc-T13 in the Ia
subfamily give ratios of ~12-15, while GalNAc¢-T3 and GalNAc-
Té6 in the closely related Ic subfamily give ratios of ~18, the highest
that we have observed (Figure 4 and Table II). In contrast, GalNAc-
T4 and GalNAc-T12 in the Ila subfamily, which are glycopeptide
preferring transferases, give nearly identical ratios of ~2 which are
the lowest observed ratios. GalNAc-T2, GalNAc-T16 (in subfamily
Ib), GalNAc-TS5 (in Id) and GalNAc-T11 (in 1f), all have nearly
identical ratios of ~6. The only variation in Thr/Ser ratios within a
subfamily is observed within the glycopeptide preferring subfamily
IIb, where GalNAc-T7 has a value 6.4 while GaINAc-T10 is 2.7
(Figure 4 and Table I classes of GalNAc-T isoenzymes having dif-
ferent ranges of Thr/Ser rate ratios, ~13-18 (GalNAc-T1, GalNAc-
T3, GalNAc-T6 and GalNAc-T13), ~6 (GalNAc-T2, GalNAc-T6,
GalNAc-T7,GalNAc-T11 and GalNAc-T16) and ~2.0 (GalNAc-T4,
GalNAc-T10 and GalNAc-T12).

Discussion

Our study confirms that as a class the GalNAc-T isoenzymes possess
an inherent preference for Thr acceptor residues over Ser. Such Thr
over Ser residue preferences have been observed for the original
GalNAc-T preparations isolated from bovine colostrum and salivary
glands where it was originally thought that separate transferases
glycosylated Ser and Thr residues (O’Connell et al. 1992; Wang et al.
1992). This was corrected by subsequent studies that demonstrated
the purified recombinant transferases could indeed glycosylate both
Ser and Thr residues although at different rates (O’Connell and
Tabak 1993; Wang et al. 1993). Elhammer and coworkers (Elham-
mer et al. 1999) using recombinant GalNAc-T1, GalNAc-T2 and
GalNAc-T3 showed that these isoenzymes glycosylate the Ser EPO
substrate (PPDAA (T/S)AAPL) at much lower rates than the Thr
EPO substrate giving Vmax (and Vmax/Km) Thr/Ser ratios of ~11
(~99), ~6 (~30) and ~2 (~56) for GalNAc-T1, GalNAc-T2 and
GalNAc-T3 respectively. Interestingly their Thr/Ser Vmax ratios are
very similar to our intrinsic Thr/Ser rate ratios for GalNAc-T1
and GalNAc-T2 but significantly different for GalNAc-T3. Their
findings on the multiple acceptor peptide pair PPAS (T/S) SAPG,
however, gave much larger differences between Thr and Ser acceptors,
which did not correlate with their EPO Thr/Ser peptide ratios. These
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Fig. 2. Individual Thr/Ser rate ratios inversely vary with extent of random peptide glycosylation. Shown are the individual Thr/Ser rate ratios plotted against
the percent glycosylation of the Thr random peptide for 12 GalNAc-T isoenzymes. Note that the data for the three different random peptide sets (Set 1, P1 red
squares; Set 2, P2 green circles; Set 3, P3 blue triangles) fit on the same linear plot which when extrapolated to zero percent glycosylation gives the intrinsic
Thr/Ser rate ratio for each isoenzyme. The results of the linear regression analysis for the plots are given in Table Il

Table Il. Random peptide derived GalNAc-T isoenzyme Thr/Ser acceptor rate ratios?

Isoenzyme Phylogenetic family Intrinsic Thr/Ser ratio® Slope r?
GalNAc-T1 Family Ia 14.9 £ 0.7 —-0.7£0.1 0.87
GalNAc-T2 Family Ib 6.1+£0.3 —0.1+£0.03 0.70
GalNAc-T3 Family Ic 18.1+£1.2 —-0.7 £ 0.1 0.81
GalNAc-T4 Family Ila 22403 —0.01 £ 0.04 n.a‘
GalNAc-TS Family Id 6.9+0.2 —-0.4+0.1 0.82
GalNAc-T6 Family Ic 17.5 £ 1.1 —0.3+£0.06 0.86
GalNAc-T7 Family I1b 6.4+0.9 —-0.2+0.4 n.a
GalNAc-T10 Family 11b 2.7+£0.2 -0.1+0.5 n.a
GalNAc-T11 Family If 6.6 0.1 —0.04 £ 0.02 0.84
GalNAc-T12 Family Ila 1.94 £ 0.3 —0.009 £ 0.005 n.a‘
GalNAc-T13 Family Ia 11.90 £ 0.7 —0.08 £ 0.05 0.4
GalNAc-T16 Family Ib 5.65+0.4 —0.2 £0.09 0.83

AValues obtained from the least squares linear fit of the plots of Thr/Ser rate ratio vs. percent. Thr peptide glycosylation given in Figure 2.

bTaken as the Y intercept of the plots in Figure 2.

¢+ 2 values not reported as the Thr/Ser rate ratios do not vary with the percent glycosylation.

differences likely arise from the presence of the multiple acceptor
sites in the peptide competing nonproductively with binding at the
catalytic domain, as the central Thr/Ser were shown predominantly
glycosylated in both substrates. Thus, there is only partial agreement
with our random peptide derived intrinsic Thr/Ser rate ratios and

the kinetic parameters (i.e., Vmax) reported by Elhammer et al.
(Elhammer et al. 1999). We do not fully understand the cause for
this discrepancy, however there is the possibility that the GalNAc-T3
used by Elhammer et al. 1999 may have actually been GalNAc-T4, as
we show GalNAc-T4 to have an intrinsic Thr/Ser ratio of 2.2. Since
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Table lll. GalNAc-T3 and GalNAc-T12 Thr/Ser rate ratios against fixed substrate peptides

Optimal T3? Rxnl GAGAYAVTPGPGAGA
Rxn2 GAGAYAVSPGPGAGA
Optimal T12 Rxnl GAGAYYITPRPGAGA
Rxn2 GAGAYYISPRPGAGA
Optimal T2 Rxnl GAGAPGPTPGPGAGA
Rxn2 GAGAPGPSPGPGAGA
Isoenzyme Substrate ISOGIlyP Exp. specific Peptide T/S  Avg Peptide  Intrinsic T/S ratio
prediction activity © rate ratio? T/S ratio © (random peptide)
(EVP)" (min—')
GalNAc-T3 Optimal substrate Opt-T3 (T) 106 335 + 30 179 £ 1.7 21.5+ 4.4 181 +£1.2
Opt-T3 (S) 19+ 3.1
Sub optimal substrate Opt-T12 (T) 45 80 + 8.8 26.8+3.6
Opt-T12 (S) 3.0+ 06
Poor substrate Opt-T2 (T) 18 6.8+ 0.8 20.1 £2.0
Opt-T2 (S) 0.34 £ 0.05
GalNAc-T12 Optimal substrate Opt-T12 (T) 74 6.4+1.0 29+0.3 2.6 +1.0 1.9+0.3
Opt-T12 (S) 22+0.6
Sub optimal substrate Opt-T3 (T) 21 0.50 £0.05 3.6+0.4
Opt-T3 (S) 0.14 £ 0.01
Poor substrate Opt-T2 (T) 4.0 0.35+0.12 1.3+£0.3
Opt-T2 (S) 0.33 £0.15

2GalNAc-T isoenzyme specific optimal peptide sequences predicted by the ISOGIyP predictor: http//isoglyp.utep.edu.
bISOGIlyP Enhancement Value Products (EVP) that represent a substrates’ ability to be glycosylated.
“Experimental rates obtained using 0.7 mM peptides as described in the Methods. See Figure 3 for dot plots of the original data. Note units on rate are (mmole product/mmole

enzyme)/min.

d Average Thr/Ser rate ratios for the individual peptides shown in the dot plots of Figure 3.

€ Average of all of the Thr/Ser rate ratios plotted in the dot plots of Figure 3.

there are no methods reported in the Elhammer paper describing
the origins or sequences of the transferases used in their work, we
are unable to confirm this possibility. Nevertheless, our finding that
the individual Thr/Ser ratios, obtained for all three of our random
peptide substrates fit on the same line (which extrapolates to an
“intrinsic” Thr/Ser rate ratio (Figure 2)), and from our studies with
nonrandom peptides showing the Thr/Ser rate ratios are similar to
the intrinsic values (and do not significantly change with the relative
substrate activity (Figure 3)), strongly suggests that our intrinsic
Thr/Ser values may be taken as a constant for each GalNAc-T
isoenzyme against simple single acceptor peptide substrates.

Molecular basis of Thr/Ser preferences

Elhammer et al. (1999) have shown that allo-Thr acceptors are
inactive against GalNAc-T1, from which they suggested the elevated
catalytic efficiency for Thr residues was due to its methyl group
binding to a specific pocket on the transferase catalytic domain.
This binding would specifically orient the Thr acceptor hydroxyl
for optimal transfer of GalNAc from the UDP-GalNAc donor, while
the allo-Thr acceptor hydroxyl would be inappropriately oriented
for efficient transfer (Elhammer et al. 1999). With this model a Ser
acceptor would lack the conformational steering of the methyl group
and possess an intermediate rate between Thr and allo-Thr acceptors.
These workers further concluded that the Thr/Ser rate differences
were not due to any significant increased binding affinity of the Thr
substrate compared to the Ser substrates based on inhibition studies
with nonacceptor peptides. Recent studies of Hurtado-Guerrero and
coworkers (Lira-Navarrete et al. 2015) have suggested that the
GalNAc-T methyl-binding pocket may further reduce the entropy

of the acceptor, thereby enabling tighter substrate binding. Finally,
Turupcu and coworkers (Turupcu et al. 2019) using comparative
molecular dynamics studies of the PTP and PSP peptides in solution
have shown that the Thr peptide acceptor possesses a constrained
conformation that may be better oriented for GalNAc transfer when
bound to a GalNAc-T than the Ser peptide acceptor. Thus both
hydrophobic and steric interactions of the Thr methyl group likely
enable Thr acceptors to adopt a more stable and optimally bound
conformation for GalNAc transfer as compared to Ser acceptors.

In an attempt to understand how the GalNAc-T isoenzymes
possess different Thr/Ser rates, we examined the available X-ray
crystal structures of GalNAc-T2 (PDB: 2FFU) (Fritz et al. 2006),
GalNAc-T3 (PDB: 6524) (de las Rivas et al. 2020), GalNAc-T4
(PDB: 5QNA) (de las Rivas, Paul Daniel, et al. 2018) and GalNAc-
T12 (PDB: 6PSU) (Fernandez et al. 2019) with tightly bound Thr
acceptor substrates in catalytically active, flexible loop “closed”,
conformations (Lira-Navarrete et al. 2015; Liu et al. 2017; de Las
Rivas, Coelho, et al. 2018). An examination of these structures
(Figure 5) reveals differences in polar contacts (hydrogen bonds)
between the acceptor Thr and bound UDP and, more importantly,
differences in the distances between the Thr methyl group and
the hydrophobic residues of the transferase active site binding
pocket thought to be responsible for the common (T/S)PXP motif
(Revoredo et al. 2016) (see Table IV). As shown in Table IV, the Thr
acceptor methyl groups are more tightly bound to the hydrophobic
pocket of GalNAc-T3 and GalNAc-T2 compared to GalNAc-T4 and
GalNAc-T12, based on the distances between the Thr methyl group
and the side chain Phe and Trp residues making the hydrophobic
pocket (Table IV and Figure 5). Thus the average hydrophobic
interaction distances for GalNAc-T3 and GalNAc-T2 are 4.5 and
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Fig. 3. Thr/Ser rate ratios do not appreciably change with peptide sequence or intrinsic substrate activity for GaINAc-T3 or GalNAc-T12. Left Panels: Dot plots
showing individually obtained Thr/Ser rate ratios plotted against relative substrate activity (in (moles product/mole transferase)/min) for the three unique peptides
of different relative activity (see Table Ill). The dotted line through the plots represents the intrinsic Thr/Ser ratio obtained from the random peptide substrates
(see Figure 2 and Table Il). Note that for GaINAc-T12 the large difference in the Thr/Ser rate ratios for the opt-T2 and opt-T3 peptides is likely due to their very
low activities and high rates of UDP-GalNAc hydrolysis. Right panels: Bar graphs showing the average Thr/Ser ratio obtained for each peptide substrate, and
the average of all three, again a line representing the random peptide derived intrinsic Thr/Ser rate ratio for each transferase is also plotted. Averaged Thr/Ser
rate ratios obtained from Table Ill. Data for the peptide substrates (see Table Ill) are color coded as red for opt-T3, green for opt-T12 and blue for opt-T2. Note
the “opt” peptides refer to the transferase specific optimal peptides given in Table Il as predicted by the ISOGlyP predictor http//isoglyp.utep.edu.

44 A and for GalNAc-T4 and GalNAc-T12, 4.8 and 4.9 A,
respectively. Interestingly, the distance between the Thr methyl
and the Phe located in the catalytic flexible loop (Phe335 in
GalNAc-T3) most closely correlates with the observed Thr/Ser
ratio for all four transferases, ranging from 3.8 A for GalNAc-
T3 to 5.1 A for GalNAc-T12 (TableIV). On this basis we
can reasonably suggest that the strength of the Thr methyl
group binding to the active site pocket of the transferase largely
accounts for the different Thr/Ser rate ratios observed for the
GalNAc-Ts.

Based on our prior studies, we have shown that each GalNAc-
T isoenzyme contains a unique combination specificities based on

peptide sequence and prior GalNAc glycosylation which imparts each
isoenzyme with unique as well as overlapping properties. We have
now shown, in the present work, that the isoenzymes also prefer
Thr and Ser acceptor residues differently (i.e., Thr/Ser rate ratio)
irrespective of the surrounding peptide sequence. This preference
adds to the ever-increasing levels of specificity observed for the
GalNAc-T family of isoenzymes and will be included into the next
versions of the ISOGlyP O-glycosylation predictor. With this study
we have further contributed to the understanding of why there is
such a large family of GalNAc-Ts, which we believe is to have
a diverse repertoire of isoenzymes capable of performing multiple
unique and specific biological functions. Collectively our studies
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Fig. 4. Intrinsic Thr/Ser rate ratios are similar within GalNAc-T subfamilies but can vary between GalNAc-T subfamilies. Shown is the human GalNAc-T
phylogenetic tree (left) along with a bar graph plot (right) representing the obtained intrinsic Thr/Ser ratios for each of the studied GalNAc-T isoenzymes.
The plot shows that the intrinsic Thr/Ser rate ratios are similar for isoenzymes belonging to same subfamily but vary between families. Note that the GalNAc-T
phylogenetic tree excluded the subfamily 1e (at bottom), which contain the so-called “Y series” of GalNAc-Ts, (GalNAc-T8, GalNAc-T9, GalNAc-T18 and GalNAc-

T19) that do not readily glycosylate Thr or Ser substrates.

further suggest that mucin-type O-glycosylation may be a highly
ordered and orchestrated process, whereby acceptor glycosylation by
one isoenzyme produces a glycopeptide substrate specific for another
isoenzyme. In this manner the altered expression or activity of a single
transferase could cause downstream alterations in O-glycosylation
which could potentially lead to disease.

Materials and methods

Reagents and random peptide substrates

Random peptide substrate pairs (Table I) containing Thr or Ser
acceptors were custom synthesized by Quality Controlled Biochem-
icals (QCB) (Hopkinton, MA) and Sussex Research (Ottawa, ON,
Canada). Each random peptide substrate pair was synthesized at the
same time to ensure identical compositions which were confirmed
by Edman amino acid sequencing. Fixed sequence peptide pairs
were synthesized by RS Synthesis (Louisville, KY). Stock solutions
of 50 mg/mL (~20 mM) of each (random) peptide substrate were
prepared after lyophilizing from water several times and adjust-
ing to pH 7 with dilute NaOH/HCI. Fully N-acetylated UDP-*H-
GalNAc was purchased from American Radiolabeled Chemicals,
Inc. (St Louis, MO), while nonlabeled UDP-GalNAc¢ was obtained
from Sigma Aldrich (St Louis, MO). Stock solutions of radiolabeled
20 mM UDP-GalNAc were prepared by adding stock UDP-*H-
GalNAc to cold 20 mM UDP-GalNAc giving ~6 x 10® DPM/pmole.
Liquid scintillation counting was performed using a Beckman Model
LS650. Dowex 1 x 8 anion exchange resin (100-200 mesh) was
purchased from Acros Organics (FisherScientific), and Sephadex G10
was obtained from Sigma Aldrich (St Louis, MO).

Transferases
As in our previous work, human GalNAc-Ts were obtained from

multiple sources as soluble N-terminal truncated purified enzymes
(Revoredo et al. 2016). GalNAc-T1, GalNAc-T2, GalNAc-T3,

GalNAc-T5, GalNAc-T7, GalNAc-T11, GalNAc-T12, GalNAc-
T13 and GalNAc-T16 were expressed from High Five insect
cells (Wandall et al. 1997; Bennett et al. 1996) a gift of Henrik
Clausen, University of Copenhagen. Purified GalNAc-T4 and
GalNAc-T10 were expressed in mammalian HEK293f (Gerken et
al. 2013; Revoredo et al. 2016) gift of Kelley Moremen, Complex
Carbohydrate Research Center, University of Georgia. GalNAc-
T2 expressed in Pichia pastoris (Gerken et al. 2011) was a gift
from Larry Tabak, NIDCR National Institutes of Health, Bethesda,
MD. We also obtained purified GalNAc-T2, GalNAc-T3, GalNAc-
T4 and GalNAc-T6 expressed in P. pastoris (de las Rivas et al.
2017, 2020; de las Rivas, Paul Daniel, et al. 2018) as a gift of
Ramon Hurtado-Guerrero, Zaragoza, Spain. Note that experiments
completed using transferases from different sources gave identical
results.

Glycosylation reactions

For the random substrate assays, each Thr and Ser peptide of a given
peptide pair (Table I) was glycosylated at the same time under iden-
tical reaction conditions. Reactions contained the following: 50 mM
sodium cacodylate buffer, pH 6.8, 1 mM B-mercaptoethanol, 0.1%
Triton X-100, 10 mM MnCl,, 2 mM UDP-[*H]GalNAc (~6 x 108
DPM/pmole), 2.5 mM peptide (~75 nMol) and 5-20 uL. GalNAc-
T to a final volume of 50 pL to 70 pL in capped Eppendorf tubes.
Reaction mixtures were incubated at 37 °C in a shaking microin-
cubator. The amount of transferase to use was determined by trial
and error based on the activity and concentration of each GalNAc-T
isoform stock. Reaction times ranged from 2 h to overnight and were
typically optimized for less than 10% glycosylation of the Thr pep-
tide. Following incubation, reactions were quenched by the addition
of 1 volume of 250 mM EDTA. Typically, reactions were performed
with all three sets of peptide substrates at a given time with the same
transferase concentrations and UDP-[*H]-GalNAc stock. Reactions
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GalNAc-T3 (Thr/Ser =18.1) GalNAc-T4 (Thr/Ser =2.2)
»
ubDP
uDP Phe364

GalNAc-T2 (Thr/Ser = 6.1)

UDP

Fig. 5. Thr acceptor-GalNAc-T catalytic domain contacts. Displayed are the zoomed in structures of GaINAc-T2 (PDB: 2FFU), GalNAc-T3 (PDB: 6S24), GalNAc-T4
(PDB: 5QNA) and GalNAc-T12 (PDB: 6PSU) with their bound Thr acceptor peptide substrate (green). The bound Thr residue is displayed in tube format (hydroxyl
oxygen in red, methyl carbon in black) and its space filled surface is shown as dots. Shown (dashed lines) are hydrogen bond interactions of the Thr (OH group)
with UDP; and hydrophobic contacts of the Thr methyl group with the Phe and Trp residues (space filled) of the transferase hydrophobic groove. See Table IV
for bound substrate sequences and acceptor Thr contact distances to both UDP and transferase.

were typically repeated two or more times with each peptide set;
however, due to limited amounts of GalNAc-T11 and GalNAc-T16
and random peptide Set 2, fewer than two determinations per peptide
set were performed for these.

Product purification by anion exchange and gel
filtration chromatography

UDP and nonhydrolyzed UDP-GalNAc were removed from the
quenched reactions (after dilution to 3.0-5.0 mL with water) by
passage over a column of ~3 mL of Dowex 1 x 8 anion exchange
resin in the Cl~ form. Total transferase activity (i.e., *H-GalNAc
transfer to substrate and water) was determined from the difference in
SH-GalNAc content before and after passing over the Dowex column.
As many GalNAc-T reactions show nonproductive transfer to water
(i.e., UDP-GalNAc hydrolysis) (Gerken et al. 2013; Revoredo et al.
2016), productive *H-GalNAc transferred to peptide was determined
after isolating the glycopeptide on Sephadex G10 gel filtration
chromatography (1.5 x 105 cm column, in 50 mM acetic acid pH 4.5
with NH4OH) as shown in Figure 1 and Supplemental Figure 1. The

G10 column fractions were monitored for *H-DPM and OD,,( and
ODjg9 nm and the *H-glycopeptide (productive transfer) peaks
pooled and lyophilized. The percent 3H-peptide formation was
determined from the summed 3H-content of the peptide product
peak and the summed 3H-content of the free GalNAc peak. The ratio
of the Thr/Ser *H-peptide product was then taken as the Thr/Ser rate
ratio. The Thr/Ser rate ratio was also calculated from the lyophilized
glycopeptide products. In this case lyophilized peaks were dissolving
in 1.00 mL water and their OD,( measured and a 0.5 mL aliquot
taken for measuring *H-GalNAc content by scintillation counting.
These GalNAc->H-DPM/OD;;( ratios were then used to obtain
another measure of the Thr/Ser rate ratio for each reaction pair.
The Thr/Ser rate ratios obtained via these two methods were then
averaged to obtain the values plotted in Figure 2. The difference
between the two calculation methods did not differ by more than 0.7
for any given peptide reaction pair. Finally, for each GalNAc-T, the
obtained Thr/Ser rate ratios were plotted vs. the percent Thr peptide
glycosylation (Figure 2) from which the intrinsic Thr/Ser rate ratios
were obtained from the y intercepts (representing 0% glycosylation).
The data were linear least square fit and plotted by GraphPad Prism
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Table IV. Thr acceptor interactions with UDP and the GalNAc-T catalytic domain peptide binding site correlate with intrinsic Thr/Ser rate ratios

Hydrophobic interactions with acceptor Thr methyl group®

Acceptor Thr hydrogen
bonds with UDP*?

Intrinsic Thr/Ser

GalNAc-T substrate complex with Thr acceptor

rate ratio

sequence (PBD accession)

Phe415 (ring C-5) 4.4 A Avg: 4.5 A

Phe335 (ring C-2) 3.8 A Trp337 (ring C-3) 5.2 A

P1.7 A

N-H:O-P 2.1 A

O-H:0

18.1
6.1

GalNAc-T3 + ATGAGAGAGTTPGP (PDB: 6524)

GalNAc-T2 + STTPAPTTK

Phe361 (ring C-3) 4.0 A Avg: 4.4 A

Phe364 (ring C-5) 4.7 A

Phe228 (ring C-2) 4.0 A Trp282 (ring C-3) 5.1 A

Phe284 (ring C-2) 4.2 A

(PDB: 2FFU)

GalNAc-T4 + TGAGAGAGTTPGPG

Avg: 4.8 A

Trp286 (ring C-3) 5.7 A

O-H:0-P1.9 A

2.2

(PDB: SONA)
(PDB: 6PSU)

GalNAc-T12 + GYYITPRTPGAGA

Phe364 (ring C-3) 3.9 A  Avg: 4.9 A

Phe285 (ring C-6) 5.1 A Trp287 (ring C-3) 5.6 A

P29 A

O-H:O

1.9

0O, to either the acceptor Thr OH or NH backbone. Hydrogen bonding (<2.1 A) with UDP is likely for all isoenzymes except GalNAc-T12.

bClosest hydrophobic interactions (in A) between the acceptor Thr methyl and GalNAc-T aromatic peptide binding residues. Note that these residues are responsible for the common GalNAc-T (T/S)PXP peptide binding motif (Revoredo et al. 2016).

AClosest polar interaction of the UDP terminal phosphate, P:

7.05. The obtained intrinsic Thr/Ser rate ratios and additional fitting
parameters are given in Table II.

For the nonrandom peptide substrates, each Thr and Ser peptide
of a given peptide pair were glycosylated under identical conditions
(50 mM sodium cacodylate buffer, pH 6.8, 1 mM B-mercaptoethanol,
0.1% Triton X-100, 10 mM MnCly, 2 mM UDP-[*H]GalNAc
(~6 x 10°® DPM/pmole), 0.7 mM peptide in 20 uL reactions)
using the same enzyme mix but reacted for different time points
to compensate for their different rates of reaction. Reaction rates
were calculated by dividing the moles of glycopeptide product (based
on *H DPM from Sephadex G10 chromatography) by the incubation
time. Peptide substrate specific activity was obtained by further
normalizing the rate to enzyme concentration. Triplicate or greater
determinations were performed for GalNAc-T3 and GalNAc-T12
against each peptide set.

Molecular modeling

GalNAc-T crystal structures with Thr acceptor substrate bound of
GalNAc-T2 (PDB: 2FFU), GalNAc-T3 (PDB: 6524), GalNAc-T4
(PDB: SQNA) and GalNAc -T12 (PDB: 6PSU) were compared and
analyzed (i.e., atom to atom distances) using Pymol 2.3 version
(64 bit).

Supplementary data

Supplementary data for this article is available online at http://glycob.
oxfordjournals.org/.

Abbreviations

GalNAc, N-Acetylgalactosamine ; GalNAc-T, UDP-GalNAc:
polypeptide N-a-acetylgalactosaminyl-transferases ; UDP, uridine
diphosphate
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